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(54) Capacitor structure

(57) Structures including a capacitor dielectric mate-
rial disposed on the surface of an electrode suitable for
use in forming capacitors are disclosed. Methods of form-
ing such structures are also disclosed.
The invention provides a structure including an electrode
having first and second surfaces and a capacitor dielec-
tric material disposed on the first surface of the electrode,
wherein the first surface of first electrode has an average

roughness or Ra value of ≤ 200 nm, an average maximum
peak-to-valley height or Rz (din) value of ≤ 2000 nm, and
a waviness or W value of ≤ 250 nm.
Also provided by the present invention is a structure in-
cluding an electrode having first and second surfaces, a
barrier layer disposed on the first surface of the elctrode
and a capacitor dielectric material disposed on the barrier
layer, wherein the barrier layer is an electrodeposited
nickel layer and containing < 3 atomic% of copper.
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Description

[0001] The present invention relates generally to the
field of capacitors. In particular, the present invention re-
lates to capacitors that can be embedded within a lami-
nate dielectric material, such as in the manufacture of a
printed circuit board.
[0002] Laminated printed circuit boards, as well as
multichip modules, serve as support substrates for elec-
tronic components, such as integrated circuits, capaci-
tors, resistors, inductors, and other components. Con-
ventionally, discrete passive components, e.g. resistors,
capacitors and inductors, are surface mounted to the
printed circuit boards. Such surface-mounted discrete
passive components can occupy a large amount of the
real estate of a printed circuit board, thus limiting the
space available for the mounting of active components,
such as integrated circuits. The removal of passive com-
ponents from the printed circuit board surface allows for
increased density of active components, further minia-
turization of the printed circuit board, increased comput-
ing power, reduced system noise and reduced noise sen-
sitivity due to shortened leads. Embedding passive com-
ponents within the laminated printed circuit board struc-
ture allows such components to be removed from the
surface of the printed circuit board.
[0003] The capacitance density of a capacitor depends
upon the thickness of the dielectric material, the dielectric
constant of the dielectric material and the area of the
electrodes. Decreasing the thickness of the dielectric ma-
terial increases the capacitance density of the capacitor.
The greater the capacitance density of a capacitor is, the
smaller the required area is for the capacitor. Shrinking
the area used by a capacitor also shrinks the amount of
printed circuit board space required to use that capacitor.
Thus, capacitors having thinner dielectric layers and ac-
cordingly smaller areas are desired. However, as the di-
electric material layer becomes thinner, the topography
of the underlying conductive substrate (electrode) be-
comes a significant consideration.
[0004] Conventional embeddable thin-film capacitor
structures are typically prepared by the deposition of a
dielectric material on a conductive substrate, such as a
copper foil, with another conductive layer deposited on
the dielectric material opposite the conductive substrate.
The copper foils used to make these embeddable capac-
itors are those foils conventionally used in the printed
circuit board industry.
[0005] Copper foils are typically produced by the elec-
trodeposition of copper from a solution onto a rotating
drum. The surface of the copper foil adjacent the drum
is the smooth (or shiny) surface while the other surface
has a much higher roughness (the matte side). The matte
surface of the foil typically provides better adhesion to a
substrate, e.g. a polymeric layer such as a photoresist
or polymeric dielectric material such as glass reinforced
epoxy. The topographic structure of metal foils are con-
ventionally evaluated by iooking at the roughness of the

surface, that is the peak-to-valley distance.
[0006] Applying the capacitor dielectric material to the
matte surface of the foil is thought to improve the adhe-
sion between the capacitor dielectric material and the
foil, as in the case of polymeric coatings. Thus, the rough-
er the surface, the better the adhesion of the capacitor
dielectric material to the foil. However, very rough sur-
faces cause other problems when thin capacitor dielectric
material layers are used. A rougher foil surface requires
more capacitor dielectric material be deposited than a
smoother foil surface to obtain a structure having a given
capacitance density. The addition of more capacitor di-
electric material requires additional deposition proce-
dures as compared to those required for a smoother foil.
Such additional procedures may add greatly to the cost
of the process.
[0007] A foil surface that is too rough may cause uni-
formity problems in the capacitor dielectric material layer,
leading to shorts. A foil surface that is too smooth may
adversely affect the adhesion of the capacitor dielectric
material to the foil. What is desired for thin-film capacitor
manufacture is a metal foil having a sufficient smooth-
ness to provide a thinner capacitor dielectric material lay-
er having a desired capacitance uniformity while still pro-
viding sufficient adhesion to the capacitor dielectric ma-
terial.
[0008] U.S. Patent Application No. 2003/0068517 (An-
dresakis et al.) discloses nickel coated copper foil for
embedded passive devices. In this patent application,
conventional copper foils are used. This patent applica-
tion fails to appreciate the balance of the levels of rough-
ness and smoothness required to prepare embeddable
thin-film dielectric-containing capacitors without having
an appreciable number of shorts.
[0009] The present invention addresses the above
needs by providing a structure including an electrode
having first and second surfaces and a capacitor dielec-
tric material disposed on the first surface of the electrode,
wherein the first surface of first electrode has an Ra value
of ≤ 200 nm, an Rz(din) value of ≤ 2000 nm, and a W
value of ≤ 250 nm.
[0010] Also provided by the present invention is a
structure including an electrode having first and second
surfaces, a barrier layer disposed on the first surface of
the electrode and a capacitor dielectric material disposed
on the barrier layer, wherein the barrier layer is an elec-
trodeposited nickel layer and containing < 3 atomic% of
copper.
[0011] Further, the present invention provides a meth-
od of forming an electrode structure comprising the steps
of providing a metal foil having a first surface, contacting
the metal foil with a nickel electroplating bath and apply-
ing sufficient anodic potential to deposit a layer of nickel
on the first surface of the metal foil wherein the nick-
el-plated first surface has an Ra value of ≤ 200 nm, an
Rz(din) value of ≤ 2000 nm, and a W value of ≤ 250 nm.

Figs. 1A-1C illustrate a cross-sectional view of one
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embodiment of the invention.
Figs. 2A-2C illustrate a cross-sectional view of a fur-
ther embodiment of the invention.
Figs. 3A-3C illustrate one process of forming a ca-
pacitor of the invention.
Figs. 4A-4H illustrate one process of patterning a
capacitor of the invention.
Figs. 5A-5D illustrate one process of forming an em-
bedded capacitor according to the invention.
Fig. 6 illustrates a nickel-coated copper foil of the
present invention.
Fig. 7 illustrates a comparative nickel-coated copper
foil.

[0012] In the figures, like reference numerals refer to
similar elements.
[0013] As used throughout this specification, the fol-
lowing abbreviations shall have the following meanings,
unless the context clearly indicates otherwise: ° C = de-
grees Centigrade; rpm = revolutions per minute; mol =
moles; hr = hours; min = minute; sec = second; nm =
nanometers; Pm = micrometers; cm = centimeters; in. =
inches; nF = nanofarads; and wt% = percent by weight.
[0014] The terms "printed wiring board" and "printed
circuit board" are used interchangeably throughout this
specification. "Depositing" and "plating" are used inter-
changeably throughout this specification and include
both electroless plating and electrolytic plating. "Multilay-
er" refers to two or more layers. The term "capacitor di-
electric material" refers to a layer or layers of dielectric
material used to form a capacitor. "Laminate dielectric
material" refers to an organic dielectric material that is
used in the manufacture of multilayer materials and which
is capable of having an item, such as a capacitor, em-
bedded within it. "Alkyl" refers to linear, branched and
cyclic alkyl. The terms "a" and "an" refer to the singular
and the plural. All percentages are by weight, unless oth-
erwise noted. All numerical ranges are inclusive and
combinable in any order, except where it is clear that
such numerical ranges are constrained to add up to
100%.
[0015] In general, the dielectric structures of the
present invention are formed by disposing a layer of ca-
pacitor dielectric material on an electrode. Such structure
is suitable for the fabrication of capacitors. The present
invention provides a structure including an electrode hav-
ing first and second surfaces and a capacitor dielectric
material disposed on the first surface of the electrode,
wherein the first surface of the electrode has an Ra value
of ≤ 200 nm, an Rz(din) value of ≤ 2000 nm, and a W
value of ≤ 250 nm. The first and second electrode sur-
faces refer to first and second major surfaces of the elec-
trode.
[0016] The first electrode includes a first conductive
layer. A wide variety of conductive layers may be suitably
employed in the present invention. Typically, the conduc-
tive layer is a metal layer. Such conductive layers may
be self-supporting, as in the case of a metal foil, or may

be deposited on a substrate. Suitable metal foils include,
but are not limited to, copper, silver, nickel, platinum, irid-
ium, gold, tin, aluminum, and alloys thereof such as stain-
less steel. Suitable alloys include, but are not limited to,
those containing tin such as tin copper or tin bismuth,
chromium, and bismuth. Preferred metal foils are copper,
silver, gold, platinum, aluminum, nickel, titanium and
stainless steel.
[0017] Conductive metal foils suitable for use in the
present invention may have a wide range of thicknesses.
Typically, such conductive metal foils have nominal thick-
nesses ranging from 0.005 mm to 0.5 mm (0.0002 to 0.02
in.). Metal foil thicknesses are often expressed in terms
of weights. For example, suitable copper foils have
weights of from 3.5 to 397 g per 929 cm2 (0.125 to 14
ounces per square foot), particularly 7 to 170 g per 929
cm2 (0.25 to 6 ounces per square foot), and more par-
ticularly from 14 to 140 g per 929 cm2 (0.5 to 5 ounces
per square foot).
[0018] The metal foils may be prepared using conven-
tional electrodeposition techniques. For example, the
conductive foils are prepared using drum cathodes hav-
ing a surface sufficient to impart the desired level of sur-
face roughness to the drum surface of the foil. In this
manner, foils having an Ra value of ≤ 200 nm, an Rz(din)
value of ≤ 2000 nm, and a W value of ≤ 250 nm may be
produced without the need for subsequent surface treat-
ments. This can be done using conventional polishing
methods. Alternatively, the drum can be coated with a
photoresist, either dry film or liquid photoresist, and then
imaged through a mask using the appropriate wave-
length of actinic radiation followed by development of the
photoresist. The drum is then etched and the remaining
photoresist is stripped to provide a drum having the de-
sired surface texture. Such textured drum will provide
foils having the desired surface smoothness.
[0019] Alternatively, a suitable metal foil may be ob-
tained by surface treatment or surface modification of a
conventional metal foil. For example, a layer of a con-
ductive material, such as nickel, copper, or silver, may
be deposited on the surface of a conventional metal foil
in such a manner so as to provide a surface having an
Ra value of ≤ 200 nm, an Rz(din) value of ≤ 2000 nm,
and a W value of ≤ 250 nm. Such layer of conductive
material may be deposited on the metal foil by a variety
of techniques, including, without limitation, sputtering,
electrodeposition, electroless deposition, and immersion
plating. In another example, the metal foil may be chem-
ically polished. Chemical polishing employs an etchant
to selectively remove a portion of the foil surface to pro-
vide a smooth, level foil and typically produces a bright
finish on copper. Chemical polishing is particularly suit-
able when the starting metal foil is rougher than desired.
Optionally, the metal foil may be pre-cleaned prior to
chemical polishing, such as by contacting the metal foil
with a suitable cleaner (such as RONACLEAN GP-300
LF, available from Rohm and Haas Electronic Materials).
The metal foil is polished by contacting it with a suitable
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etchant (such as CHEM-POLISH 14-1 BRIGHT DIP,
available from Rohm and Haas Electronic Materials), fol-
lowed by rinsing with water, and then metal plating to
provide the metal foil having the desired surface rough-
ness. Such metal plating may be electroless, such as
electroless nickel, or electrolytic.
[0020] Conductive layers deposited on a substrate in-
clude self-supporting and non-self-supporting layers dis-
posed on a substrate. Exemplary self-supporting con-
ductive layers on a substrate include metal foils laminat-
ed to a substrate, such as a polymeric dielectric material,
e.g. an epoxy or glass-filled epoxy material.
Non-self-supporting conductive layers include thin metal
layers that are deposited directly on a substrate. Sub-
strates include, but are not limited to, metals including
conductive and non-conductive metals and dielectric ma-
terials. Exemplary dielectric materials include organic di-
electric materials, inorganic dielectric materials and mix-
tures thereof. Suitable dielectric materials include, but
are not limited to, polyimides, polyacrylates, polyarylene
ethers, polysulfones, epoxies, glass-filled organic dielec-
trics such as glass-filled epoxies or polyimides, and ce-
ramics. The conductive layer may be deposited on the
substrate by a variety of means including, but not limited
to, sputtering, chemical vapor deposition ("CVD"), phys-
ical vapor deposition, combustion chemical vapor depo-
sition ("CCVD"), controlled atmosphere CCVD ("CAC-
CVD"), electroplating, electroless plating, immersion
plating and lamination.
[0021] The first electrode of the present invention has
a surface having an Ra value of ≤ 200 nm, an Rz(din)
value of ≤ 2000 nm, and a W value of ≤ 250 nm. The
roughness of a surface typically consists of the finer ir-
regularities of surface texture and includes Ra and Rz
(din). "Ra" refers to the arithmetic average of the absolute
values of the profile (peak) height deviations from a mean
line recorded within a certain evaluation length (average
roughness). In one embodiment, Ra is ≤ 100 nm and
more typically ≤ 50 nm. Ra values are suitably from 1 to
200 nm. Rz (din) value is the average maximum
peak-to-valley height of any five consecutive sampling
lengths within the measurement length, which was 500
Pm. The peak-to-valley distance is the distance between
the height of a surface feature and a trough or valley in
the surface. A "peak" is the point of maximum height on
a given portion of the profile that lies above a centerline.
A "valley" is a point of maximum depth on a given portion
of a profile that lies below a centerline. In one embodi-
ment, Rz (din) is ≤ 1000 nm and more typically ≤ 600 nm.
A suitable range of Rz (din) values is from 1 to 2000 nm,
typically 100 to 2000nm, more typically from 200 to 1000
nm, and even more typically from 200 to 600 nm. Wavi-
ness is a more widely spaced component of surface tex-
ture and includes all irregularities whose spacing is great-
er than the roughness sampling length and less than the
waviness sampling length. The waviness height ("W") is
the peak-to-valley height of a modified profile from which
roughness has been removed by filtering through a 10

Pm filter. In one embodiment, W is ≤ 150 nm, and more
typically ≤ 75 nm. An exemplary range of values for W is
1 to 250 nm. Further descriptions of the roughness and
waviness parameters and methods of determining the
values of these parameters are provided in the standard
ASME B46.1-2002, Surface Texture (Surface Rough-
ness, Waviness, and Lay), American Society of Mechan-
ical Engineers, 2003. Surface roughness of the metal foil
may be measured using any suitable conventional pro-
filometer.
[0022] The first electrode of the present invention may
optionally include a barrier layer disposed on the con-
ductive layer. Barrier layers typically function to prevent
oxidation of the conductive layer and may also diminish
the coefficient of thermal expansion mismatch between
the metal foil and the capacitor dielectric material. In the
case of a copper conductive layer, a barrier layer pre-
vents migration of the copper into the capacitor dielectric
material. Copper migration is a well-known cause of
shorts. The barrier layer may be on either surface of the
conductive layer or on both surfaces of the conductive
layer. Typically, the barrier is at least on the surface near-
est the capacitor dielectric material. When the conductive
layer is a copper foil, it is preferred that a barrier layer is
used. The thickness of the barrier layer may vary over a
wide range, such as, but not limited to, 0.1 to 3 Pm, and
particularly 0.25 to 2.5 Pm.
[0023] Barrier layers are well known to those skilled in
the art. Suitable barrier layers include, but are not limited
to, zinc, indium, tin, nickel, cobalt, brass, and bronze.
Preferred barrier layers are those having a coefficient of
thermal expansion similar to that of the underlying con-
ductive layer. The barrier layer may be deposited elec-
trolytically, electrolessly, by immersion plating, by sput-
tering, by CVD, by CACCVD and by CCVD. Preferably,
the barrier layer is deposited electrolytically, electrolessly
or by immersion plating. A particularly suitable barrier
layer for copper is a nickel-containing layer, and more
specifically an electrodeposited nickel-containing layer.
Chromium-containing layers, which function as barrier
layers, are not preferred as chromium may be detrimental
to certain capacitor dielectric materials. Additional adhe-
sion promoters may be disposed between the barrier lay-
er and the capacitor dielectric material, however, such
adhesion promoters are not required.
[0024] In an alternate embodiment, the present inven-
tion provides a structure including an electrode having
first and second sides, a barrier layer disposed on the
first surface of the electrode and a capacitor dielectric
material disposed on the barrier layer, wherein the barrier
layer is an electrodeposited nickel layer containing < 3
atomic% of copper in the bulk of the nickel layer. The
nickel layer may be nickel or a suitable nickel-alloy such
as nickel-phosphorus. The alloys nickel-chromium and
nickel-copper are not particularly suitable for this appli-
cation. The presence of ≥ 3 atomic% copper in the nickel
layer significantly impacts the electrical properties as well
as other properties of the nickel layer such as etching
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properties, adhesion of the nickel barrier layer to the con-
ductive layer, thermal processing behavior and the sub-
sequent process of embedding a capacitor in a laminate
dielectric material. It is preferred that the copper in the
electrodeposited nickel layer be present in an amount of
≤ 2 atomic%. Other suitable amounts of copper in the
nickel layer are ≤ I atomic% and even ≤ 0.5 atomic%.
High purity electroplated nickel layers can be accom-
plished by a variety of ways such as through the use of
high purity nickel electroplating baths which are well with-
in the ability of those skilled in the art, and by the elec-
trodeposition of multiple nickel layers. For example, a
first electrodeposited nickel layer is followed by a second
electrodeposited nickel layer using a plating bath utilizing
higher purity reagents. In one embodiment, the nickel
layer has a first region having < 3 atomic% of copper and
a second region having ≤ 1 atomic%. In a particular em-
bodiment, the first electrode includes a copper foil and a
nickel barrier layer having a total thickness of 0.5 to 2
Pm, wherein the barrier layer includes a first region ad-
jacent the copper foil, such as up to 10 nm thick, having
<3 atomic% of copper, a second region, such as from 10
to 20 nm, having ≤ 1 atomic% of copper, and a third region
having ≤ 0.5 atomic% of copper. In another embodiment,
the nickel layer contains ≤1 atomic% of each of iron and
cobalt, and preferably is substantially free of each of iron
and cobalt. The amounts of copper and other metal im-
purities are determined using conventional techniques
such as EDS and XPS.
[0025] A further advantage of an electrodeposited bar-
rier layer is that it can be used to tailor the surface rough-
ness of a conductive layer to provide an electrode having
a surface with the desired roughness, i.e. a surface
roughness having an Ra value of ≤ 200 nm, an Rz(din)
value of ≤ 2000 nm, and a W value of ≤ 250 nm. In this
way, a conductive layer that does not have the desired
surface roughness can be utilized provided that the de-
sired surface roughness is obtained following deposition
of a barrier layer.
[0026] For example, a metal foil having a first surface
that does not possess the desired degree of roughness
can be plated with nickel such that the resulting nick-
el-plated surface does possess the desired degree of
roughness. Accordingly, the present invention provides
a method of forming an electrode structure comprising
the steps of providing a metal foil having a first surface,
contacting the metal foil with a nickel electroplating bath
and applying sufficient anodic potential to deposit a layer
of nickel on the first surface of the metal foil wherein the
nickel-plated first surface has an Ra value of ≤ 200 nm,
an Rz(din) value of ≤ 2000 nm, and a W value of ≤ 250
nm. In one embodiment, the metal foil is a copper foil.
[0027] A wide variety of capacitor dielectric materials
may be used in the present structures. Typically, the ca-
pacitor dielectric material is chosen from medium and
high dielectric constant materials, as well as mixtures
thereof. In one embodiment, the capacitor dielectric ma-
terial has a dielectric constant ≥ 7. In another embodi-

ment, the capacitor dielectric material has a dielectric
constant such as ≥ 10, typically ≥ 25, more typically ≥ 50,
and still more typically ≥ 100.
[0028] Exemplary medium and high dielectric constant
capacitor materials include, but are not limited to, ceram-
ics, metal oxides, polymeric materials and combinations
thereof. Suitable ceramics and metal oxides include,
without limitation, titanium dioxide ("TiO2"), tantalum ox-
ides such as Ta2O5, barium-titanates having the formula
BaaTibOc wherein a and b are independently from 0.5 to
1.25 and c is 2.5 to 5, strontium-titanates such as SrTiO3,
barium-strontium-titanates such as those having the for-
mula BaxSryTizOq where x and y are independently cho-
sen from 0 to 1.25, z is 0.8 to 1.5 and q is 2.5 to 5, lead-zir-
conium-titanates such as PbZryTi1-yO3, the series of
doped lead-zirconium-titanates having the formula
(PbxM1-x)(ZryTi1-y)O3 where M is any of a variety of met-
als such as alkaline earth metals and transition metals
such as niobium and lanthanum, where x denotes lead
content and y is the zirconium content of the oxide, lith-
ium-niobium oxides such as LiNbO3, lead-magnesium-ti-
tanates such as (PbxMg1-x)TiO3, and lead-magnesi-
um-niobium oxides such as (PbxMg1-x)NbO3, and
lead-strontium-titanates (PbxSr1-x)TiO3. When the ca-
pacitor dielectric material includes BaaTibOc, it is pre-
ferred that a and b are both 1 and c is 3, i.e. BaTiO3.
Other suitable capacitor dielectric materials include, but
are not limited to: silsesquioxanes such as alkyl silsesqui-
oxanes, aryl silsesquioxanes, hydridosilsesquioxanes
and mixtures thereof; silica; siloxanes; and the like; in-
cluding mixtures of any of the foregoing. Suitable alkyl
silsesquioxanes include (C1-C10)alkyl silsesquioxanes
such as methyl silsesquioxanes, ethyl silsesquioxanes,
propyl silsesquioxanes, and butyl silsesquioxanes. It is
preferred that the capacitor dielectric material includes a
ceramic, metal oxide or mixtures thereof. Ceramics are
particularly useful dielectric materials in the present in-
vention. Such ceramic capacitor dielectric materials may
be used in a variety of crystal structures including, without
limitation, perovskites (ABO3), pyrochlores (A2B2O7), ru-
tile and other structural polymorphs that have suitable
electrical properties for use as a capacitor dielectric.
[0029] When a polymer/ceramic or polymer/metal ox-
ide composite capacitor dielectric material is used, the
ceramic or metal oxide material may be blended as a
powder with the polymer. When the ceramic or metal
oxide is used without a polymer, such ceramic or metal
oxide may be deposited by a variety of means, such as,
but not limited to, sol-gel, meniscus coating, dip coating,
physical and/or reactive evaporation, sputtering, la-
ser-based deposition techniques, chemical vapor depo-
sition, combustion chemical vapor deposition, controlled
atmosphere chemical vapor deposition, hydride vapor
phase deposition, liquid phase epitaxy, and electro-epi-
taxy. Preferably, such ceramic or metal oxide material is
deposited by using sol-gel techniques.
[0030] In such sol-gel processes, as exemplified here-
in by the deposition of a barium strontium titanate ("BST")
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capacitor dielectric material, a solution of titanium alkox-
ide, barium precursor and strontium precursor are react-
ed at the desired stoichiometry and controllably hydro-
lyzed with a solvent/water solution. Preferred as the tita-
nium alkoxide is titanium isopropoxide. The "barium pre-
cursor" may be selected from a variety of barium com-
pounds such as barium carboxylates and the reaction
product of a glycol and barium oxide. Exemplary barium
carboxylates include, without limitation, barium formate,
barium acetate, and barium propionate. Typical glycols
are ethylene glycol and propylene glycol. The glycol-bar-
ium oxide reaction product is typically diluted with an al-
cohol prior to the addition of the titanium alkoxide. The
"strontium precursor" may be any suitable strontium com-
pound such as strontium carboxylates such as strontium
formate, strontium acetate and strontium propionate.
Suitable alcohols for use as diluents include, without lim-
itation, ethanol, isopropyl alcohol, methanol, butanol and
pentanol.
[0031] As an example of sol deposition techniques,
BST may be prepared as follows. Barium acetate and
strontium acetate are dissolved in a solution of lactic acid
and water. A chelating agent is added to the solution and
the solution heated to reflux. A suitable solvent is then
added and water is distilled off to provide a Ba/Sr solution.
In a separate reaction vessel, titanium isopropoxide is
stirred with the chelating agent and the solvent to provide
a Ti solution. The Ti solution is combined with the Ba/Sr
solution and the mixture is heated to reflux. The reaction
mixture is next diluted to volume with the solvent and the
mixture, a BST sol, is ready for coating of the substrate,
such as by spin-coating or meniscus coating.
[0032] A thin, adherent film of the hydrolyzed solution
(or "sol") is then applied to the substrate by a suitable
method, such as dip-coating, spin-coating at 1,000 to
3,000 rpm or meniscus coating. Meniscus coating is a
particularly suitable technique.
[0033] In meniscus coating, the substrate is positioned
on a vacuum chuck. The chuck is then inverted to place
the substrate in a coating position over an applicator bar.
The applicator bar is a tube having a closed end, an open
end and a slot running along a length of the tube, the slot
communicating with the interior of the tube, the applicator
bar being disposed horizontally such that the slot is at an
upper surface of the tube. Material, such as a sol, to be
coated is provided to the applicator bar through the open
end. In one embodiment, the material is pumped into the
tube through the open end. In another embodiment, the
applicator bar is disposed within a reservoir. The sol flows
through the tube and exits the tube through the slot, form-
ing a meniscus. The substrate is positioned over the ap-
plicator bar such that a surface of the substrate to be
coated contacts the meniscus of the sol. The applicator
bar moves beneath the substrate to provide a coating of
the sol on the substrate surface. Alternatively, a web of
substrate to be coated, such as a roll of metal foil, such
as copper foil, and more particularly nickel-plated copper
foil, may be passed over a moving, or in the alternative

a stationary, applicator bar to coat the substrate surface.
[0034] Alternatively, the substrate to be coated with
the capacitor dielectric material may be dipped into the
sol at an average speed of 2 to 12 cm/min (1 to 5 in./min)
and typically from 2 to 8 cm/min.
[0035] Following coating, the films are heated at a tem-
perature of 200 to 600° C for 5 to 15 minutes to volatilize
the organic species and to render the dried "gel" film.
Other suitable temperatures and times may be used, the
selection of which are within the ability of those skilled in
the art. Multiple coatings may be required for increased
film thicknesses. While the majority of the organic matter
and water is removed from the films by heating at 500°
C; the BST film is still only partially crystalline.
[0036] The thickness of a film or layer deposited from
a sol-gel process depends, in part, upon the rotation rate
(spin-coating), coating speed (e.g. meniscus coating)
and the viscosity of the solution. Typically, the thickness
of the layer is 25 nm or greater, more typically 50 nm or
greater, and still more typically 100 nm or greater. A par-
ticularly useful thickness is in the range of 25 to 700 nm
and more particularly from 50 to 250 nm. The total thick-
ness of a capacitor dielectric structure is determined by
the sum of the thicknesses of each layer in the dielectric
structure.
[0037] The film is then annealed for a period of time to
provide the desired crystalline structure. For example,
such films may be annealed at the temperature range of
500 to 800° C. Typically, the duration of annealing is
about 15 minutes, however a variety of annealing times
may be used and depend upon the particular ceramic
dielectric composition and substrate. The selection of
such annealing time is within the ability of those skilled
in the art. A desirable annealing condition is 555 to 650°
C for approximately 15 minutes. Such annealing may be
performed in a variety of atmospheres such as air or inert
atmospheres such as nitrogen and argon. The film may
optionally be further annealed to improve the film’s crys-
tallinity. This optional step may involve heating the film
such as at a rate of 200° C/hr in a suitable atmosphere
to a final annealing temperature of 600 to 900° C, until
the desired crystallinity is achieved. Alternatively, the film
may be annealed using rapid thermal annealing tech-
niques, which are well known to those skilled in the art.
[0038] The capacitor dielectric material may optionally
include a second electrode plating enhancing region. A
variety of plating enhancing regions may be used such
as a region having pores or voids, such as those dis-
closed in U.S. Patent No. 6,819,540 (Allen et al.), a region
containing a plating dopant, such as those disclosed in
U.S. Patent No. 6,661,642 (Allen et al.), or a region hav-
ing a positive topography dopant, such as those dis-
closed in copending U.S. Patent Application Serial No.
11/191,486 (Rzeznik).
[0039] Capacitors typically contain a pair of electrodes
with a capacitor dielectric material disposed between the
electrodes. Capacitors can be prepared according to the
present invention by disposing a second electrode on the
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capacitor dielectric material in the structure described
above. Such second electrode being disposed on a sur-
face of the capacitor dielectric material opposite to the
surface adjacent the first electrode. The present capac-
itors are particularly useful in printed circuit board man-
ufacture where they may be embedded in an organic
polymeric dielectric material.
[0040] The second electrode includes a second con-
ductive layer which may be any suitable conductive ma-
terial, such as those described above. In addition, the
second conductive layer may include conductive poly-
mers. Suitable conductive polymers include, metal filled
polymers such as copper-filled polymers and silver-filled
polymers, polyacetylenes, polyanilines, polypyrroles,
polythiophenes, and graphite. The second electrode in-
cludes the second conductive layer and may optionally
include one or more of a barrier layer and a catalytic layer.
Any of the barrier layers described above are suitable. A
"catalytic layer" refers to a layer that catalytically pro-
motes electrode formation, such as a layer that catalyti-
cally promotes electroless metal deposition or electro-
plating.
[0041] Either of the first and second electrodes, or both
electrodes, may contain more than one conductive ma-
terial layer. For example, an electrode useful in the
present capacitors may include a layer of copper and a
layer of nickel. Other combinations of conductive mate-
rials may suitably be employed. Either of the first and
second electrodes, or both electrodes, may contain more
than one barrier layer.
[0042] In Fig. 1A, which illustrates one embodiment of
a structure of this invention, capacitor dielectric material
2 is disposed on first electrode 1. First electrode 1 is
suitably a copper foil, and more particularly a nickel-plat-
ed copper foil. The capacitor dielectric is any suitable
material, such as a ceramic and particularly BST, bari-
um-titanate, lead-zirconium-titanate or lead-lantha-
num-zirconium-titanate. When first electrode 1 is copper,
it is preferred that the first electrode includes a barrier
layer such as nickel, on one or both surfaces of the copper
electrode. A capacitor is made by disposing a second
electrode 5 on a surface of capacitor dielectric material
2, as shown in Fig. 1B. In such capacitor, the second
electrode may be composed of any suitable conductive
material. Fig. I C illustrates a further embodiment of a
capacitor including a second electrode 5 which includes
a barrier layer 5a disposed between capacitor dielectric
material 2 and a second conductive layer 5b. According-
ly, the present invention provides a capacitor including a
first electrode, a second electrode and a capacitor die-
lectric material disposed between the first and second
electrodes, a surface of the first electrode adjacent the
capacitor dielectric material having an Ra value of ≤ 200
nm, an Rz(din) value of ≤ 2000 nm, and a W value of ≤
250 nm. Also provided by the present invention is a meth-
od of forming a capacitor including the steps of disposing
a capacitor dielectric material on a surface of a first elec-
trode, the surface having an Ra value of ≤ 200 nm, an

Rz(din) value of ≤ 2000 nm, and a W value of ≤ 250 nm;
and disposing a second electrode on the capacitor die-
lectric material.
[0043] A further embodiment of the structure of the
present invention is illustrated in Fig. 2A where capacitor
dielectric material 2 is disposed on first electrode 1, which
includes first conductive layer 3 and first barrier layer 4.
A second barrier layer (not shown) may be disposed on
a surface of conductive layer 3 opposite to that containing
first barrier layer 4. The surface of first electrode 1 adja-
cent capacitor dielectric material has an Ra value of ≤
200 nm, an Rz(din) value of ≤ 2000 nm, and a W value
of ≤ 250 nm. A capacitor is made by disposing a second
electrode 5 on a surface of capacitor dielectric material
2, as shown in Fig. 2B. In such capacitor, the second
electrode may be composed of any suitable conductive
material. Fig. 2C illustrates a further embodiment of a
capacitor including a first electrode 1, a second electrode
5 and capacitor dielectric material 2 disposed between
the first and second electrodes, where first electrode 1
includes first conductive layer 3 and first barrier layer 4,
and where second electrode 5 includes second barrier
layer 5a and a second conductive layer 5b. It will be ap-
preciated by those skilled in the art that a second barrier
layer (not shown) may be disposed on the surface of the
first conductive layer opposite the first barrier layer.
[0044] The capacitors of the present invention are par-
ticularly suitable for use as embedded capacitors in lam-
inated printed circuit boards. Such capacitors are em-
bedded in a laminate dielectric during the manufacture
of laminated printed circuit boards. The laminate dielec-
trics are typically organic polymers such as epoxies, poly-
imides, fiber reinforced epoxies and other organic poly-
mers used as dielectrics in the manufacture of printed
circuit boards. In general, laminate dielectrics have a di-
electric constant ≤ 6, and typically have a dielectric con-
stant in the range of 3 to 6. The present capacitors may
be embedded by a variety of means known in the art,
such as those disclosed in U.S. Patent No. 5,155,655
(Howard et al.).
[0045] Figs. 3A-C illustrate one general method of
forming an embeddable capacitor of the invention. Ca-
pacitor dielectric material layer 25 is coated on electrode
20, such as by meniscus coating. When dielectric layer
25 is composed of ceramic, such as BST, it typically in-
cludes deposition of multiple layers of BST precursor (not
shown). When conductive substrate 20 is a coated foil
such as nickel-coated copper foil, it contains a copper
layer 20a having nickel layers 20b and 20c disposed on
opposite major surfaces of copper layer 20a. It will be
appreciated the layers 20b and 20c may also include
additional layers of materials or alternate layers of ma-
terials. After annealing, the ceramic dielectric-coated
electrode 20 is typically laminated to a polymeric laminate
dielectric, 30, as shown in Fig. 3B. Next, second electrode
27 is provided to the surface of capacitor dielectric ma-
terial layer 25, see Fig. 3C. Electrode 27 may be formed
by any suitable means, such as by electroless plating
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followed by electrolytic plating. In one embodiment, elec-
trode 27 includes first layer 27a such as an electroless
nickel barrier layer and second layer 27b such as an elec-
troplated copper layer.
[0046] Accordingly, the present invention provides a
method of manufacturing a multilayer laminated printed
circuit board including the step of embedding a structure
in a layer of a multilayer laminated printed circuit board,
wherein the embedded structure includes a capacitor di-
electric material disposed on a surface of an electrode,
wherein the surface has an Ra value of ≤ 200 nm, an Rz
(din) value of ≤ 2000 nm, and a W value of ≤ 250 nm.
The capacitor dielectric material is in ohmic contact with
the electrode. In an alternate embodiment, the present
invention provides a method of manufacturing a multilay-
er laminated printed circuit board including the step of
embedding a structure in a layer of a multilayer laminated
printed circuit board, wherein the embedded structure
includes a capacitor dielectric material disposed on a sur-
face of an electrode, wherein the electrode includes a
barrier layer disposed on the first surface of a conductive
layer, wherein the barrier layer is an electrodeposited
nickel layer comprising ≤ 0.5 atomic% of copper, and
wherein the barrier layer is in ohmic contact with the ca-
pacitor dielectric material.
[0047] Prior to embedding the present capacitors in an
electronic device, such as a printed circuit board, they
may be etched to form discrete capacitors, or alterna-
tively, used as a sheet to form a distributed capacitor.
The formation of embedded discrete capacitors is illus-
trated in Figs. 4A-4H. Capacitor 35 having first electrode
(nickel-coated copper foil) 20 having a first surface hav-
ing an Ra value of ≤ 200 nm, an Rz(din) value of ≤ 2000
nm, and a W value of ≤ 250 nm (not shown) adjacent to
capacitor dielectric material layer 25, such as BST, and
second electrode (copper plated electroless nickel) 27
on polymeric laminate dielectric 30 is provided, see Fig.
4A. It will be appreciated that the surface of first electrode
opposite to the first surface may be rougher than the first
surface to provide sufficient adhesion to a subsequently
applied polymer dielectric material (not shown). On sec-
ond electrode 27 is disposed a photoresist (either dry film
or liquid, such as RADIANCE or SN 35, both available
from Rohm and Haas Electronic Materials, Marlborough,
Massachusetts), the photoresist is imaged at the appro-
priate wavelength and developed to provide patterned
photoresist 50, as shown in Fig. 4B, which exposes a
portion of second electrode 27 bared of photoresist. Next,
the second electrode is etched, such as with 2N HCl /
10% CuCl2, which removes areas of the second elec-
trode bared of photoresist. Patterned photoresist 50 is
then stripped to provide a capacitor having patterned sec-
ond electrode 28 and exposed areas of capacitor dielec-
tric layer 25, as shown in Fig. 4C. A second coating of
photoresist is applied over the patterned top electrode.
This photoresist is imaged at the appropriate wavelength
and developed to provide patterned photoresist 55, as
shown in Fig. 4D, where patterned photoresist 55 covers

patterned second electrode 28 and a portion of capacitor
dielectric material layer 25. Exposed portions of capacitor
dielectric layer 25 are next removed, such as by etching
with an appropriate ceramic etch, to provide the structure
shown in Fig. 4E having patterned second electrode 28,
patterned capacitor dielectric layer 26, and exposed por-
tions of first electrode 20. A third coating of photoresist
is applied over the patterned second electrode, the pat-
terned capacitor dielectric layer and a portion of the first
electrode. This photoresist is imaged at the appropriate
wavelength and developed to provide patterned photore-
sist 60, as shown in Fig. 4F, where patterned photoresist
60 covers patterned second electrode 28, patterned ca-
pacitor dielectric layer 26 and a portion of first electrode
20. It will be appreciated that the capacitor could be uti-
lized at this point as a distributed capacitor without further
processing. Areas of the first electrode bared of photore-
sist are then etched, such as with 2N HCl / 10% CuCl2,
and patterned photoresist 60 is then removed to provide
discrete capacitor 40 on polymeric laminate dielectric 30
as shown in Fig. 4G. Next, discrete capacitor 40 is lam-
inated to second polymeric laminate dielectric 45 which
embeds discrete capacitor 40, as shown in Fig. 4H. In
an alternate embodiment (not shown), second electrode,
capacitor dielectric layer and first electrode may be
etched in a single step.
[0048] After a discrete capacitor is embedded in a lam-
inate dielectric, contacts to the top and bottom electrodes
are formed. Fig. 5A illustrates discrete capacitor 75 dis-
posed on polymeric laminate dielectric 70 and embedded
in polymeric laminate dielectric 80. Polymeric laminate
dielectric 80 may or may not be photoimageable. Vias
are next provided in polymeric laminate dielectric 80.
When the polymeric laminate dielectric is photoimagea-
ble, such vias may be formed using photoimaging tech-
niques. Such vias may also be formed by drilling, such
as laser drilling using a CO2, YAG or other suitable laser.
Fig. 5B illustrates an embedded discrete capacitor having
first via 85a and second via 86a. First via 85a exposes
patterned second electrode 28 and second via 86a ex-
poses patterned first electrode 21. First contact 85b and
second contact 86b are then formed in first via 85a and
second via 86a, respectively, as shown in Fig. 5C. Such
contacts may be formed by any suitable method, such
as electroless plating. Alternate first contact 85c and al-
ternate second contact 86c are shown in Fig. 5D. Alter-
nate contacts 85c and 86c may be formed by any suitable
method, such as by electroless plating, electroplating, or
a combination of electroless plating and electroplating.
A suitable electroplating process for forming the alternate
contacts is the CUPULSE plating process (available from
Rohm and Haas Electronic Materials).
[0049] An electrode was formed by electroplating a
nickel-containing barrier layer on a copper foil having a
thickness of 14g per 929 cm2 (0.5 ounces per square
foot). The nickel-containing barrier layer included a first
electrodeposited nickel layer, which was formed using a
conventional nickel plating bath, and a second electrode-
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posited nickel layer of a nickel-phosphorus alloy. The
bulk of the nickel-containing barrier layer contained ≤ 0.5
atomic% of copper. The foil was annealed at 675° C.
After annealing, no delamination of the nickel-containing
barrier layer from the copper foil was observed. The sur-
face of the electrode had an Ra value of ≤ 200 nm, an
Rz(din) value of ≤ 2000 nm, and a W value of ≤ 250 nm.
See Fig. 6. In contrast, another electrode was prepared
by electroplating a nickel-containing barrier layer con-
taining 3-5 atomic% of copper on a copper foil having a
thickness of 14g per 929 cm2 (0.5 ounces per square
foot). This electrode was subjected to the same anneal-
ing conditions as those described above. After annealing,
the nickel barrier layer was found to have significantly
delaminated from the copper foil, as shown in Fig. 7.

Claims

1. A structure comprising an electrode having first and
second surface and a capacitor dielectric material
disposed on the first surface of the electrode, where-
in the first surface of the electrode has an Ra value
of ≤ 200 nm, an Rz(din) value of ≤ 2000 nm, and a
W value of ≤ 250 nm.

2. The structure of claim 1 wherein the electrode com-
prises a conductive layer and a barrier layer.

3. The structure of claim 1 wherein the capacitor die-
lectric material has a dielectric constant ≥ 10.

4. A capacitor comprising the structure of claim 1 and
further comprising a second electrode disposed on
the capacitor dielectric material.

5. A structure comprising an electrode having first and
second surfaces, a barrier layer disposed on the first
surface of the electrode and a capacitor dielectric
material disposed on the barrier layer, wherein the
barrier layer is an electrodeposited nickel layer com-
prising < 3 atomic% of copper.

6. The structure of claim 5 wherein the capacitor die-
lectric material has a dielectric constant ≥ 10.

7. A capacitor comprising the structure of claim 5 and
further comprising a second electrode disposed on
the capacitor dielectric material.

8. A structure comprising an electrode comprising a
copper conductive layer having first and second sur-
faces, a barrier layer having a thickness of 0.5 to 2
Pm disposed on each of the first and second surfaces
of the conductive layer and a capacitor dielectric ma-
terial disposed on the barrier layer disposed on the
first surface of the electrode, wherein each barrier
layer is an electrodeposited nickel layer comprising

< 3 atomic% of copper, and wherein the capacitor
dielectric material is chosen from ceramics, metal
oxides, polymeric materials and combinations there-
of.

9. The structure of claim 8 wherein the first surface has
an Ra value of ≤ 200 nm, an Rz(din) value of ≤ 2000
nm, and a W value of ≤ 250 nm.

10. A method of forming an electrode structure compris-
ing the steps of providing a metal foil having a first
surface, contacting the metal foil with a nickel elec-
troplating bath and applying sufficient anodic poten-
tial to deposit a layer of nickel on the first surface of
the metal foil wherein the nickel-plated first surface
has an Ra value of ≤ 200 nm, an Rz(din) value of ≤
2000 nm, and a W value of ≤ 250 nm.
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